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VERY-LONG-BASELINE-INTERFEROMETRY MEASUREMENTS
OF PLANETARY ORBITERS AT MARS AND VENUS
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Very-long-baseline intcwferometric  (VLBI) measurements of the positions
of planetary orbiters (or landers) relative to nearby extra galactic radio
sources provide information on tho positions of the planets in the inertial
reference frame described by the measured positions of the radio
sources. This information is important for interplanetary spacecraft navi-
gation by radio frequency techniques since it establishes the relationship
between the reference frame of the target planets with the reference
frame in which the spacecraft position measurements are made. Any
angular offset between the two reference frames will resutt  in a system-
atic error in the planet relative angular position of the spacecraft.

The first attempts to use radio interferometric techniques to measure the
positions of planetary orbiters were made in 1980 with the Viking Mars
orbiter and again in 1983 using the Pioneer Venus orbiter. The angular
accuracy of these early measurements was on the order of 200 nrad.
This work describes more recent VLBI measurements made in 1989 of
the Soviet Martian orbiter, Phobos 2, and several measurements made
since September of 1990 of the Magellan spacecraft orbiting Venus.
Both the Phobos and Magellan measurements recorded data with the
Mark Ill VLBI systems located at antennas of NASA’s Deep Space
Network (DSN). The much wider bandwidth of this recording system and
the availability of ionospheric calibrations should allow angular accuracy
approaching 10 nrad to be achieved with these measurements

INTRODUCTION

Very long baseline. interfrmmtry (VI ,111) provides very prccisc information on the
angular position of intc.rplanetary  spacecraft in the rc.fcrence. fmnw of extra galactic radio
sources (quasars). Current VI .1]1 systems now in place at NASA’s De.cp Space Network
(DSN) stations have the capability to measure spacecraft angular positions with an accu-
racy of 5 nrad. When combined with ]Mpp]cr and range measurements, the ful] 6
dimensional spacecraft state vector can bc cstimatexl. ‘1’his information is crucial during
the. cruise and planetary approach phase of e.very mission. Aflcr a spacecraft has entered
the m-bit  phase of its mission, Doppler data alone are. often sufficient to me.c.t mission
navigation requimne.nts. Ncwcrthe]css, VI .131 n~e.asurenwnts of orbitc.]x provide valuab]c
information on the rclationsbip  between the rcfcrcmcc  frames of the e.xtlagalactic  radio
sources and the planetary epherne.ride,s  that is of benefit to all interplanetary missions.



This paper describes a number of VI.B1 measurements that have been completed on
two planetary orbiters: the Soviet Phobos 2 Martian orbiter launched in 1988,  and
NASA’s Magellan  spacecraft launched in 1989 to complete a molar map of the surface of
Venus.
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Figure 1. Olxm-vatim geometry  for AVI.BI nmasure:nenk  of spacecraft.

VLBI MEASUREMENTS OF INTERPLANETARY SPACECRAFT

‘J’he primary observable in interfcromctric  measurements is the relative delay
difference, AT, between the times of arrival of the spacecraft and quasar signals at two
rccciving antennas as shown in liigurc  1. “J’his delay difference is related to the base.titw
vcctm-,  B, and the unit vectors in the directions of the spacecraft, 6*C and the
cxtragalactic radio source (cgrs), 4,9,, by

(B. & .&
Ax == - --~ ‘c - ‘gr ~- )

c
(1)

where c is the speed of light.
The. a priori positions of the radio sm.rrccs  used in the of the Phobos  2 and Magellan

observations are known with an accuracy of 5 nrad or bctte.r from analysis of several
years of repeated VJ .111 astromctry me.asurcments carried out by both DSN and other
antennas.1 These same VJ .111 mcasummcnts  of the. source positions a I SO provide
estimates of the baseline vector coordinates with an accuracy of several centimeters.
Since the source positions and the baseline vector are known from these independent
measurements, the observed delay difference of Eq.(1 ) allows the position of the
spacecraft to be determined in the rcfcrcncc frame of the quasars. If the angular position
of the quasar is close to that of the spacecraft, many common Jmxl ia errors will cancel
when the differcnccd delay obscrvab]c  is fornicd.
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DATA ACQUISITION

The Phobos 2 orbiter VI .B1 observations consist of two independent measurement
sessions on Feb. 17, 1989 and March 25, 1989, The spacecraft was lost shortly after the
second  measurement and its signal was newer reacquired. To date there have been four
successful observations of the MageJlan  spacecraft since. it entered Venus orbit in Aug.
1990.  VLBI n~casurcnwnLs of Magellan  will continue through the end of the mission in
May of 1993. Table 1 summarizes the. VLH1 measurements of Phobos and Magellan
dis&wsed  in this paper.

Table 1
VLBI OBSERVATIONS OF PLANETARY ORBITERS

- ___Spacecraft _ _  Date Observing Stations Quasa!$.
Phobos 2 Feb. 17, 1989 DSS 14!DSS 63/ 0317+ 188

Jodrell Elank 0250+ 178
0235+ 164

Phobos 2 Mar, 25, 1989 DSS 14/DSS 43 0426+273
0409+229
0423+233

Magellan Sep. 12, 1990 DSS 13/DSS 45 OL 064.5
P 1123+26

Magellan Dec. 21, 1991 DSS 13/DSS 45 P 1504-167
P 1510-08

Magellan Dec. 22,1991 DSS 13/DSS 43 P 1504-167
P 1510-08

Magellan Mar, 29, 1992 DSS 15/DSS 43 P 2320-035

- ‘Minirn~m~~@ra~6n angle between spacecraft and quasar. ““

WO~~
.

At3,deg*
5.6
1.0
4.8

4.4
3.2
0.4

4.0
20.2

1.7
6.2

2.3
6.5

2.0

Both the Phobos 2 and Magellan  observations used the Mark 111 (or wide channel
bandwidth (WCB) ) recording systcm now in place at all DSN tracking stations. ‘I’his
system allows data to be recorded in up to 14 independent channels, each with a nominal
2 Ml]z bandwidth (recording rate 4 Mbits/channel). “l’he channels may bc placed
anywhere within the IF bandpass of the receiving system. For spacecraft measurements,
certain channels arc allocated to record spacecmft tones while the remaining channels are
devoted to recording the broadband quasar signal,

in the case of the I’hobos 2 observations, the. spacecraft signal consisted of odd
harmonim of a 7.4 MI 17, square wave modulated onto the 1.7 GJ Iz carrier. Clnly  the +/-
] Et and .~(d harm~ni~~  provid~d adqt]ate signal  to noise ratio for tht%e I)lf3aSUtCHlCtik.

Each spacecraft tone was recordecl  in a pair of channels as a safeguard against channel
failure. ‘1’hcse  channel pairs were also offset in fte.qucncy to provide information on
instrumental phase effects in the VI .111 recording system. l~igure  2 shows the entire Mark
111 channel configurate ion used for the P}mbos 2 obsm-vations.
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F’igure  2. Channel configuration used for VI.BI measurements of the I%otms 2
spacecraft. The rectangles represent the 14, 1.8 MIIz channels of the Mark 111
VI.BI recording system. The vertical arrows represent the location and signal to
noise ratio of the spacecraft tones recorded during these observations.
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Figure 3. Channel configuration used for Magcllan  spacecraft observations. Each
rectangle represents a sin~]e 1.8 MIIz channel. The vertical arrows represent the
location and sipnal to noise ratio of the s[)acecraft tones. The central tone is the
carrier and th’c other tolies  are harnm]fics  of a 960 kllz suhcarricr  used for
transmission of radar mai]ping  data.
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The telemetry system on the Mtigellan  spacecraft consists of an 8.4 G}lz carrier
signal which can be modulated by one of 3 subcarrier  frec]uencies.  The subcarriers
produce a spectrum of tones whose even harmonics arc separated by a constant
frequency. The two subcarricrs  used for the Magellan VI.]]] observations had tone
separations of either 960 kllz, or 360 klIz. A typical channel configuration for a Magellan
W B] observation using the 960 kllz subcarricr is shown in }iig. 3.

DATA ANALYSIS

!Xmlatkn

The tapes containing the recorded spacecraft and quasar signals are shipped to JPL
where they are proc~ssed  at the JPL/Glte.ch  Block 11 VLBI correlator. Processing of the
broadband quasar signals proceeds in the same manner as any astronomical VI.BI
measurement of a radio source.z. ‘l’he recorded data are played back through the
correlator where the data streams from the. two stations are multiplied, The result of this
multiplication is hetcrodyned to near mm frcque.ncy  by multiplication with a phase
mode] generated in the corrclatot. ‘1’hc resulting low frequency signal  is averaged over 2
second  intervals and written to a file for further processing, ‘1’hc initial clock  offset used
is dctemnined  by cm-relating the. data strc.ams at a number of relative delays. ‘I’he clock
offset is set to the de]a y which produces the ]argc.st  amp] it ude output.

The. spacecraft data consist of all the tones  recorded in the individual channels of
the Mark 111 system. ‘1’hc correlation of these data proceeds diffcre.ntl  y in that the data
rccordcd  at the two stations arc not multip]icd  together as in the case of the. quasar data,
but are multiplied by an accurate phase. model for each station and tone.  to produce near
mm frequency outputs which are then diffe.renccd between stations to form a quantity
analogous to the quasar correlation output,

post rxocessinq

“l’he correlation process described above  produces a set of amplitudes and phases at
2 second intervals for all 14 channels  of the quasar data and for every channel in which a
spacecraft tone was rccordcd  (actually a set of phases is produced for 8 discrete
frequencies within each of the 14 channc]s). q’hcse phases arc aclua]ly the difference
between the correlator mode] phase and the actual total measured phase and hence.  fwl}~
will be. referred to as residual phases. ‘J’hcse residual phases contain all of the information
on the relative delay of the spacecraft and quasar signals that will ultimately be used to
estimate the angular separation between them (llq. (1)). The next stage of the processing
combines the data from all channels to finally produce a single group delay observable
for each spacecraft and quasar scan. As part of this process, the data are calibrated to
reJnove the CffeCIS iJltrOduceCi  by the receiving system OJl the phase of the spacecraft and
quasar signals.

Phase cmnrmssion. The residual phases produced by the corrc.later at 2 second intervals
for’ each channe] arc fit to a linear  Jnode.1

k(%t,)  = %(q)+ O$(tj)+ +@,) (2)



where $U is the phase in channel a, frequency q and at time tj,. The intercept ~)a is the
phase for channel a at frequency ml. f(t~ contains all of the information cm the temporal
fluctuations and drif~s,  and a. is an estimate of the system noise of the residual phase
obtained in the correlation process and is used as a data weight in the linear fit to estimate
q~.. The compressed phase@., is then passed to the next stage of processing where it is
calibrated for the effec~s  of t}~e rcccivings  ystem instrumental ion.

Phase calibration. The compressed residual phase for each channel produced in the
previous stage of processing contains contributions from the receiving system electronics
which must be removed to avoid introduction of a serious systematic error into the
results. In the case of the Phobos 2 observations the correlation results from a strong
quasar scan are used to estimate the nonlinear component of the instrumental phase. This
phase calibration is then applied to the spac~craft  scans by interpolation to the spacecraft
tone frequency.

Gmt-mtaticm of croup delav. ‘J’he residual phases  from all channels, calibrated to remove
the effects of the receiving system instrumentation, are combined to form a single group
delay observable for each scan. The re.siclual  phases from each channel are fit to a linear
model in frequemcy.

a)a((o,)  = a): + -@0, + 0:(01)+  &(~~l) (3)

The estimated slope of this fit, ~gr, is the residual group delay observable. CJC* is the error
dLIC  to system noise effects and CJaP is the. error in the. instrumental phase calibration.

Mode] restoration. ‘1’he delay models used in the correlation are evaluated at the.
scan reference time and added to the residual group delay computed in the previous stage
to form the total group delay observable. These quantities, computed for each quasar and
spacecraft scan, then form the input to the final stage of processing where the actual
angular separation be.twecn the spacecraft and quasar are estimated.

ERROR ANALYSIS

Many of the error sources which contl  ibute to the total error in AV1 .B1 spacecraft
mcasureme.nts are strongly dependent OJI the, observing geometry and can change
markedly between observations and even during the course of a single measurement. In
addition, quantities such as the signal to noise ratio of the quasar signal depend  strongly
OJ] the brightness of the pwlicular sow-cc that is observed. ‘1’hc rcccivcd  spacecraft signal
strength also changes as the distance to Eallh varies throughout the year. l;or these.
reasons it is difficult to present a single crtor  budget that is applicable to all AV1.B1
measurements even for a single  spacecraft.

Rather than attempt this, we present in lrigures 4 and 5 error budgets for two
particular AVI.D1 measurements of the Phobos 2 and Magcllan spacecraft. one of the
primary differences between the crlor  budgets for the two spacecraft arises from the
diffcremt transmitted frequencies. ‘J’hc I.-band tmnsmissions of the Phobos 2. spac~craft
arc affected to a much greater extent by the ionosphere than the. X-band  transmissions of
the Magellan  spacecraft. The error bu(igets  in Irigures  4 and S do not include any
systematic errors that affect the overall navigation budget. Primary among these are
uncertainties in the planetary positions relative to llarth and in the relationship between
the reference system of the planetary ephemerides and the reference system of the
quasars. lndecd it is the intencled  purpose of these measurements to improve our
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knowledge of these systematic effects. ‘1’hc remainder of this section provides a brief
description of the major error sources affecting the AV1 .131 measurements for the two
spacecraft.
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Figure 4. Major sources of error in the two AV1.BI nwasurcmcnts  of the Phobos 2
spacccrafL
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Figure 5 Major sources of error in 2 of the 4 AVI.BI mcasurments  of Magellan.
Note the difference in the scale from Fig. 4.

7



Svstem n oise

‘1’hc error from receiving system noise is primarily a function of the received signal
strength for both the spac~craft and quasar signals, Estimates of this contribution are
obtained during the post-processing phase of the analysis described earlier, In general the
spacecraft signals for the Mage] Ian observations are comp~rable to those observed for
Phobos. The radio sources observed during the l’hobos  observations were, however,
significantly weaker than the quasars observed during the Magellan observations. ‘1’his
resulted from attempts to reduc~ the ionosphere error in the Phobos observations by
restricting the observed sources to those within a few degrees of the spacecraft, and these
sources were often quite  weak relative to the quasars used in the Magelian  observations.

The AVI .131 observable is formed from the difference phase of the spc~craft and
quasar signals. As described earlier, a correlation process extracts the phase from the
recorded data at each antenna. In the case of the spacecraft signals, the corre]at ion of the
data recorded at each antenna is done independently using an accurate moclcl  of the
spacecraft signal  while the quasar correlation is done by a direct cross correlation of the
sampled noise recorded at each antenna, In either case, the. urmrta inty in the p}~ase of the
correlated signal is given by:

(4)

where o+ is the. phase
corresponding error in

uncmlainty and SNR is the correlation signal  to noise ratio. “l’he
the AVI .131 delay is then given by

2C”+’ (cm)Ot == — - —w VLBI

(5)

where WWBI is the spanncci  bandwidth of e.ithcr the two spacecraft tones, or in the case of
the quasar obsm-vation,  the e. ffcdivc bandwidth of all channels. ‘l’he factor of 2 in P,q. (3)
accounts for the diffcrencing  between channels and stations that is done to compute the
AV1 .111 delay from the spacecraft and quasar delay obse.rvab]cs.

Spacecraft SN&It is the re.ceivd  p})asc  of the spacecraft terms that is useci to from the
spacecraft dc]a y observable. Since the accuracy of the spacecraft delay obscrvab]e
depends on the spanned bandwidth of the spacecraft tones (Itq. (3)), as large a separation
as possible is desired, }]oweve.r, because the power in the harmonics decreases with
increasing separation from the carrier, the maximum spanned bandwidth is limited by the
power in these harmonics. ‘l’he signal to noise. ratio of the spacecraft tones is given by:

{
SNR = 4p;~Tcht0b’

s ys
(6)

where P, is the rcccived  power, Wc~ is the single channel bandwidth (1.8 MI17t), Ub is the
length  of the scan, and Tow is the receiver system temperature., ‘J’he. rece.ivcd power is a
function of the. distance betwcem the spacecraft and Harth as given by

p,= PT9T9,(4;.J’
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“  ‘Tgr [;~)  2  ( w ) (7)

where P~ is the transmitted power, g~ is the gain of the transmitting antenna, g, is the gain
of the receiving antenna of cross sectional radius r, L is the wavelength of the transmitted
signal, and R is the distance from the antenna to the spacecraft, “l’he corresponding error
in the difference delay (diffcrenc~d  between channels and stations) is

@)

where Wvml is the spanned bandwidth of the VI .111 tone.s, and the subscripts on the SNR
terms refer to the two stations.

Quasar SNR. ‘1’he signal to noise ratio of the correlated quasar signal for the VI.BI
baseline is given by

I ‘- “--SNR == 2.05 X 1 0-4 D 1D ZS ‘le;wTchtob’
1 2

(9)

where D, and Da are the diameters of the two antennas, s is the source flux (Jansky), et
and ez are the efficiencies of the. two antennas, WC~ is the singtc channel bandwidth (2
Mllz),  tw is the. length  of the scan, and T, ami Tz arc the system ttxnperaturcs of the two
antennas. ‘1’hc factor of 2,05 x 10 ~ is a colhxt  ion of terms that accounts for the effects of
two-lcvc]  sampling, ~x>larii-ation,  and includes the unit conversion factors. ‘1’hc signal to
noise ratio for the delay formed by combining all of the single channels (i,c., the
Bandwidth Synthesis IIelay (BWS)) is them

( cm) (1 o)

where c is the speed of light, W~w is the effcctivc spanned bandwidth, and SNRC~ is the
single channel signal to noise ratio,

As mentioned earlier, the ionosphere is a major source of error for the 1.-band
Phobos 2 observations. The. effect of the ionosphere on radio frequency signals is to
introduce an additional delay into the signal path from the spacecraft or quasar to the
receiving antenna. q’his delay is a function of the frequency and the total integrated
clectrcm density along the ray path and is given by the re.lation~:

K? ECII = -
cf2

9
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where T1 is the additional delay due to the ionosphere in se.c, T’EC is the total integrated
electron content (1 (Yc electrons/m?), f is the. frequency in } lertz, c is the speed of light, and
K is a constant equa] to 40.3 in rnks unit&

For the Phobos observations, estimates of the total electron content were available
from Faraday rotation measurements at the DSN stations. These rneasurcmcn~$  provide
estimates of the total electron cnntent  along a line of sight to a particular geosynchronous
satellite, The total e]cctron content along the Photms or quasar line of sight is then
determined from a spatial and tcmpora] mode] for the ionosphere, It is uncertainty in this
model which is the major source  of error in the. ionosphere delay  calibrations.

q’he contribution of the ionosphere to the delay observable for the Magcllan
observations is much less than the Phobos  observations, This is almost entirely duc to the
much higher frequency of the X-band Magellan  observations which effectively reduces
the ionospheric delay by over 90% relative to the I ~band  Phobos observations (Eq. 9),
There are also improved ionospheric calibrations available for the Magellan  observations
that use signals broadcast by the constellation of Global Positioning System satellites to
estimate the total electron contentq.  The wider covemge of the GPS satellites allows an
improved estimate of the total e.tectron  content along  the line. of sight.

q’he effect of the solar plasma on the passage of radio waves from the spacecraft to
Earth is dependent on its location relative to the Sun. At Sun-Earlh-probe  (S17P) angles
of less than 1 deg. it would be extremely difficult to track the phase of the spacecraft
signals. At larger angles, the cffccl scales as the inverse sine of the SltP angle. atom-ding
to the. relations

(12)

where B is the length  of the prt~jected  baseline, V,W is the velocity of the solar wind (400
kn~/se.c),  v is the observing frequency and 0-,, is the Sun-I;lirlh-probe  angle.

Troposphere

‘1’roposphere  induced dcla y erl m-s al-e composed of a static part duc to both the wet
and dry components of the troposphere and a fluctuating component attributed to the
presence of water vapor. ~alibration  of the dry part of the static troposphere, obtained
from surfacs  meteorological mcasuremmnts, is quite accurate, but there is likely to bc a
significant error due to the wet part of this component because of the inabitity  of surface
measurements to adequately estimate water vapor content at altitude. “l’his can be a
serious error source for observations at low elevation angle  and is given by

Ot == ore” ----
sin~~;c)  ‘“ =in~o,r,)

(13)

where OU is the elevation angle of the spacecraft observation and O..,, is the elevation
angle of the quasar observation, and o,.. is the residual error in the zenith static
troposphere after cal i brat ion.
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Trcuhaft  and  Lanyi b have developed a model for the fluctuating component of the
troposphere. Among the parameters of this model are the wind velocities at each
observing site and the temporal separation of the scans, We have used this model to
estimate the error induczd  by the fluctuating component of the troposphere, and find it to
bc a minor component of the total error budget.

Msttwmental effects

~hanges  in the phase of the signals as they pass through the components of the
rccciving system before being digitized and rccordcd on tape introduce the most serious
instrumental error in AVLBI observations. Although a large part of this error will
difference between channels, stations and sources, even small errors in instrumental
phase can result in a significmt  delay error given by

CJ1 . {2-; 2“.2 Jl+_
wVIEI

where o. is the residual td~ase disncrsion  error

(cm) (14)

(after  channel. station. and source,
di fferenc~ng)  in degrees, Wv~~l is th; spanned bandwidth of the VLB1 ton&, and the 3
factors of the square root of 2 correspond to channel, station, and spac~craft-quasar delay
differences. A further wrnpl  ica t ion arises from the fwt  that the spacecraft signal samples
only a very narrow range of the phase re.s~x>nsc  of each 2 Ml lZ channc]  whereas the
broadband noise signal of the quasar samples the entire  bandpass of each channc].  ‘1’here
is cutrently  no system in place  to provide phase calibration of narrow band signals such
as those used for AV1 .1]1 mcasurcmcnts.

The other instrumental effect derives ftmn the stability of the 1]-maser frequency
standards at each site. ‘1’he behavior of masers is well stu(iied  and a Rood mo(ic] for the
ficqucncy stability is one of a
m-or given by

where. CJY is derived from the
time interval between scans.

Earth orientation

“flicker” noise process, ‘l’his results in ;n cquivale.nt  delay

~, = +0,(1 “ Q x t,.,
(1s)

Allen variance of the masers at each station and t,ep is the

Flrors  due to the uncertainty in the oric.ntation  of the AV1 .}31 baseline in inertial
space are caused by uncertainty in our knowledge of the Earth’s rotation (U”l’1 ) and the
two componcn~s  of polar motion (@X an~i 0,). There is also uncertainty in the a priori
location of each tracking station. ‘1’hc. errors in the baseline components duc to these 3
sources arc given by7

(16)



(17)

(18)

where BX, BY, and B. are the Cartesian  baseline components, rp is the l;arthk  polar radius,
m. is the llarthts  rotation rate, CJ8X and CTOY are the uncertainties in the two components of
polar motion, ou~ is the unc~rtainty  in Universal Time, and Ox, Ov, and Oz are the a priori
uncertainties in the baseline coordinates. ‘l’he corresponding error in the. AVI,B1 delay is
given by

(19)

where &68C, Lqm, and 6..,. are the right ascension and declination of the spacecraft and
the quasar respectively. l]e,cause  of the availability of accurate measurements of polar
motion, IIarlh rotation and station locations, this crmr source. is an insignificant portion of
the AVI ● l error budget.

RESULTS

A single. VI .131 measurement of a p]anctary  orbiter on a single baseline provides
information on onc compormnt  of the angular position of that sp~cccraft relative to a
c]uasat. If the. spacecraft is a planetary orbiter and its position relative to the planet is
known, then t}]c position of the planet relative to the quasar can be estimated, What this
inforn~ation  can reveal about the relationship bctwemn  the planetary and radio rcfcrencc
frames depends upon how welt the position of the planet is known in the reference frame
of the plarmtary epheme.ri(ies. ‘]sat~]c 2 ]ists the, current uncertainties in the latitude. and
longitude of the inner planets relative to I;arths.

Table 2
R ELATIVE ACCURACY OF PLANETARY POSITIONS

Parameter uncertainty
?&a (1990), W ._ .: mean motion

Planet nrad nrad nrad~~
Mercury 100 100 10
Venus 100 100 10
Mars 5 2.5 0,5. .

aRlipic  Imgiludc  , bIirliptic  latitude,



Ph~bw
The. relative positions of Earlh and Mars are WCII determined from ranging data to

the Viking landers, which covered the period July, 1976 to November, 1982, From these
data the ecliptic latitudes of Mars and Earth were determined to -2 nrad and the relative
ecliptic longitudes determined to -5 nracl.  ‘l’he reference for ecliptic ]ongitude  is inferred
ftom lunar laser ranging data, which is sensitive to the intersection of the Earth’s equator
and the ecliptic (the equinox). The ecliptic Icmgitu(ies  of Earth and Mars with respect to
the. equinox of 1990 are known to -S nrad during the time of the Viking ranging data with
a drift unc@ainty  of-15 nrad/dccadc.

The accuracy with which the relative positions of Earth and Mars arc known allows
us to use the measured angular position of the Phobos  spacecraft to estimate a mcaningfu]
value for the vector of rotations which dcscribcx  the relation between the planetary and
radio reference frames. Fol]owing  Finger and  Folkncr,g  the relation between the
planetary and radio frame positions of a body is assumed to have the form

.
r~ =- rp-Axrp (20)

where rp is the body’s position in the planetary frame, r~ is the body’s position in the radio
frame, and A is a vector of three small rotation angles  which dcscribcs t}w relationship
between the two reference frames.

in order to accurately estiniate  all 3 components of the rotation vector A, a series
of measurements distributed over a range of right ascension values is required. Because
the }’hobos 2 spacecraft was lost shortly after the. second measurement in March 1989,
only two components of the rotation vecto]  can be estimated with useful precision.
F’igurc  6 shows the definition of these two rotation angles. in this figure, the angles a and
b are approximately the right ascension and declination of Mars for the two
measurements. Figure 7 shows estimates and uncertainties of these two angles based
upon the, Phobos  2 observations.

This result can be compared to an independent estimate of the frame tic rotation
vc.ctor by F’inger  und F’olkner.g Their work used a comparison of station locations
determined from both VLBJ and lunar laser ranging (I,1 .R) data to estimate all three
components of the frame tic rotation vector. l~igure  7 shows both cstitilatcs of the two
rotation angles along  with their uncertainties.

‘1’hc. position of Venus with respect to lkrth  is known to only  -25 nmd in ecliptic
longitude and -100 nrad in ecliptic latitucle  from planetary radar ranging clata (which has
an accuracy of -SO m versus -6 m for Viking ranging data). Dccause. the.sc uncertainties
are, Iarge.r  than our current knowledge the. rotation between the planetary and raclio
reference frames, the M agellan  observations cannot be used to estimate. a useful  value, for
the. frame tic rotation. llowcvcr,  the, 10-15 nrad precision of the Magcllan  AVLB1
measurements can be used to greatly improve. our knowle.clge  of the position of Venus in
the raclio reference frame ancl our knowledge of t}m angular position of Venus relative to
earth, The results of these and any future. measurements will be provided to the
ephemeris development group at the Jet Propulsion 1,aboratory  for inclusion in the next
version of the. planetary ephemeris.
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Figure  6. ‘1’he definition of the frame tic rotation angles  for the Phobos  2
observations.
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Figure 7. Comparison of estimates of the two rotation ang]cs  defined in Fig. 6 from
the ]’hobos 2 observations and fin independent determination by Finger and
Folkner.

CONCLUSIONS

11 is hoped that VI JII observations of Magcllan  at Venus can continue. through the
end of the mission (May 1993). Grrent problems with transmitters cmboard  the space-
craft, howmmr, may cur(ail  future observations. q’he next opportunity to make VI .111
measurements of a planetary orbiter will occur in late 1993 following the expected arrival
of the Mars observer  spacecraft at Mars.
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